Research in contextEvidence before this studyRecently, SWELL1 was confirmed to be an indispensable component of VRAC. Beyond its pivotal role in cell volume regulation, VRAC is involved in cell proliferation, apoptosis, and migration. In fact, most reported studies on SWELL1 have focused on the VRAC, and the role of SWELL1 itself in tumours is poorly understood. Currently, the role of SWELL1 in HCC has not been investigated.Added value of this studyIn this study, we found that the expression of SWELL1 in HCC tissues was much higher than that in pericarcinous tissues and related to a poorer prognosis for patients with HCC. The over-expression of SWELL1 in HCC promoted cell proliferation and migration and suppressed apoptosis. Further experiments revealed that SWELL1 induced cell growth by activating the cyclinD1/CDK2 pathway via connecting with PKCa at the signalling level, and regulated cell migration through the JNK pathway in HCC.Implications of all the available evidenceOur results suggest that SWELL1 acts as a promoter in the growth and metastasis of HCC cells and may be a potential intervention target for HCC. The results of our study will aid in better understanding the functional capacity of SWELL1 and the progression of HCC.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Hepatocellular carcinoma (HCC) is a major health concern and one of the leading causes of cancer-associated mortality worldwide \[[@bb0005]\]. HCC is characterised by rapid metastasis and development, reducing the time for the treatment of patients \[[@bb0010]\]. Although the treatment level has improved in recent years, the prognosis of HCC remains unsatisfying \[[@bb0010]\]. Therefore, identifying predictive tumour biomarkers of HCC to ensure an early diagnosis and effective treatments is critical. SWELL1, a member of the four-transmembrane protein family, was originally identified in a woman who lacked B cells in the peripheral blood and was found to have congenital agamma-globulinaemia \[[@bb0015]\]. Moreover, recent studies have confirmed that SWELL1 is an essential component of volume-regulated anion channel (VRAC), and knockdown of SWELL1 dramatically reduces endogenous VRAC currents in various cell types \[[@bb0020],[@bb0025]\]. VRAC is not only an important volume regulator for cell volume homeostasis, but also involved in various cellular functions, including cell proliferation, differentiation, survival, migration, swelling-induced exocytosis, and intercellular communication \[[@bb0030], [@bb0035], [@bb0040], [@bb0045]\]. The SWELL1-mediated functions are so extensive and complex that many concrete mechanisms remain to be elucidated. To date, the role of SWELL1 in HCC has not been investigated. In this study, we found that the expression of SWELL1 in HCC tissues was much higher than that in pericarcinous tissues and related to a poorer prognosis for patients with HCC. In addition, SWELL1 induced cell growth by activating the cyclinD1/CDK2 pathway via connecting with PKCa at the signalling level, and regulate cell migration through the JNK pathway in HCC.

2. Materials and methods {#s0025}
========================

2.1. Patients and samples {#s0030}
-------------------------

All of the samples (liver cancer samples and their adjacent nontumourous samples) were obtained from patients who underwent surgical resection of HCC in our hospital. None of the patients received any preoperative chemotherapy or radiotherapy. For each pair of samples, most of the tissues were stored in an ultra-low temperature freezer, and the rest were fixed in 4% paraformaldehyde for Immunohistochemistry (IHC). Detailed clinicopathological characteristics of the patients are presented in Supplementary Table S1. Informed consent was obtained from all of the patients. The study was performed according to the guidelines of the Ethics Committee of the Tongji Hospital and approved in accord with the ethical standards of World Medical Association Declaration of Helsinki.

2.2. RNA extraction and quantitative real-time-PCR (qRT-PCR) {#s0035}
------------------------------------------------------------

The RNA extraction was performed using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instructions. The total RNA was reverse-transcribed into cDNA using a Prime-Script® RT Reagent Kit (TaKaRa, Otsu, Japan). Then the qRT-PCR was performed by SYBR (TaKaRa, Otsu, Japan) using an ABI Step One Real-Time PCR System (Applied Biosystem, Carlsbad, CA, USA). The qRT-PCR conditions for the reactions were as follows: 95 °C for 30 s, 95 °C for 5 s and 60 °C 30 s for 40 cycles. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. The relative mRNA expression levels were calculated using the 2^−△△CT^ method and normalized to the control samples. The y-axis in the results of qRT-PCR represents the "fold change" in gene expression. For the better confirmation of SWELL1 expression levels in the HCC tissues, thirty-four pairs of liver cancer samples and their adjacent nontumourous samples were randomly chosen from the sample cohort for qRT-PCR analysis. Besides GAPDH, β-actin was also used as the housekeeping gene in the qRT-PCR of HCC tissues. The primers were designed using NCBI Primer-BLAST (Supplementary Table S2). For the primer of SWELL1, the amplified products are 145 bp and have been validated by the PCR products sequencing (Supplementary Fig. S1).

2.3. Tissue microarray and immunohistochemistry {#s0040}
-----------------------------------------------

All tissue samples were paraformaldehyde-fixed and paraffin-embedded. The tissue microarray was prepared by Zuocheng Biotech (Shanghai, China). The tissue microarray and tissue samples were incubated with primary antibodies overnight at 4 °C, followed by incubation with secondary antibodies for one hour at 25 °C. The specific immunoreaction was visualised using a horseradish peroxidase-diaminobenzidine staining kit. For the IHC of the tissue microarray, the SWELL1 antibody or its isotype control antibody was used as the primary antibody for the validation of specificity. In addition, the immunofluorescence staining with the SWELL1 antibody was also performed in HCC cell lines to validate the results of the IHC (Supplementary Fig. S2a). To distinguish the SWELL1 expression between HCC and non-HCC cells in HCC samples, the antibodies of Ki67, CD31, and MPO were used in the IHC for supporting the malignancy of cancer samples and excluding the infiltrating immune cells and vascular endothelial cells. The results were provided in Supplementary Fig. S2a. In order to separate the differences of SWELL1 expression in the clinical tumour samples, we used a scoring method by multiplying the staining intensity score and the extent of staining score \[[@bb0050]\]. The staining intensity was scored as follows: zero, no staining; one, weak staining; two, moderate staining, and three, strong staining. The extent of staining score was evaluated according to the positive staining area: one, ≤25%; two, 26%--50%; three, 51%--75%, and four, ≥76%. The samples were defined as low expression if the final score was zero--five, whereas the samples with scores of six--twelve were defined as high expression. The antibodies used are listed in Supplementary Table S3.

2.4. Small interfering RNA, plasmid, and lentiviral shRNA {#s0045}
---------------------------------------------------------

Transfection with a small interfering RNA (siRNA; Juneng Company, Wuhan, China) and plasmid (Genechem Company, China) was performed using Lipofectamine 3000 (Invitrogen, USA) according to the standardised protocol. The sequences of siRNA for SWELL1 were as follow: siRNA1 5′-GCAGCAACUUCUGGUUCAATT-3′, siRNA2 5′ -CCGUCUACUACGUGCACAATT-3′. The siRNA was used to suppress SWELL1 expression in SMMC-7721 and Huh7 cells, and a recombinant plasmid construct of the gene was used to achieve the over-expression of SWELL1 in Sk-hep-1 and HCCLM3 cells. In order to establish stable knockdown cell lines, lentiviruses (Genechem Company, Shanghai, China) were used as the vector to carry the siRNA2 sequences and to transfect SMMC-7721 cells. The sequence (5′-TTCTCCGAACGTGTCACGT-3′) was used as the negative control for SWELL1 shRNA. The knockdown and over-expression of SWELL1 were verified by qRT-PCR and western blotting (Supplementary Fig. S3a--b). SPHK1 siRNA: 5′-GCAGCUUCCUUGAACCAUUTT-3′. PKCa siRNA: 5′-GCUCCACACUAAAUCCGCATT-3′. The scrambled control siRNA sequence (5′-UUCUCCGAACGUGUCACGUTT-3′) was used as negative control for the siRNA of SWELL1, SPHK1, and PKCa.

2.5. Growth and metastasis assays in vivo {#s0050}
-----------------------------------------

All experimental procedures involving animals were performed in accord with the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy of Sciences and published by the National Institutes of Health (NIH publication 86--23 revised 1985). BALB/c nude mice (four weeks old, male) were purchased from the animal centre of Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China). For the in vivo growth assay, nude mice were randomly divided into two groups (eight per group), and 1 × 10^7^ cells were subcutaneously injected into the mice. We measured the length and width of the tumours with a digital Vernier calliper. Tumour volume = (length×width^2^)/2. After three weeks later, the mice were sacrificed, and the subcutaneous tumours were resected and fixed with 4% paraformaldehyde. For the in vivo metastasis assay, nude mice were randomly divided into two groups (six per group), and 1 × 10^6^ cells were injected into the tail vein of the mice. After eight weeks, the mice were sacrificed, and the liver and lung tissues were removed and fixed. All of the above tissue samples were stained with H&E.

2.6. Western blotting {#s0055}
---------------------

For western blotting, the protein samples were separated on 10% polyacrylamide gels, and electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes. Then, according to the instructions of primary antibodies, the membranes were blocked in 5% skim milk or bovine serum albumin (BSA) for one hour, and were incubated with a primary antibody overnight at 4 °C. Next, the membranes were washed three times with TBST, and incubated with an anti-rabbit or anti-mouse IgG secondary antibody for one hour at 25 °C. The protein signals were detected with an ECL assay kit (Amersham, Buckinghamshire, UK). GAPDH was used as a loading control. The blot density of the western blotting was quantified using the ImageJ software (National Institutes of Health, Bethesda, MD). In addition, the corresponding isotype control antibody was used for the validation of the specificity about SWELL1 antibody (Supplementary Fig. S2b). The primary and secondary antibodies used are listed in Supplementary Table S3.

Other materials and methods used in this study are described in Additional file 1 (Supplementary materials and methods).

2.7. Statistical analyses {#s0060}
-------------------------

All data were analysed using SPSS Statistics software version 17.0 (SPSS Inc., USA). All experiments were performed in triplicate unless otherwise specified, and the results are presented as the mean ± SD.

The Kolmogorov-Smirnov test and Shapiro-Wilk test were used to verify the normal distribution. The expression of SWELL1 mRNA in HCC tissues was compared using a Wilcoxon signed-rank test (continuous variables). The chi-squared test or Fisher\'s extract test was used to analyse the relationship between clinicopathological characteristics and SWELL1 expression (categorical variables). The Kaplan-Meier method was used to construct the survival curve, and the differences between the curves were compared by a log-rank test. The statistical comparisons of continuous variables between two groups were performed using Student\'s *t*-test. One-way analysis of variance (ANOVA) followed by a Dunnett t-test or Tukey test was used to compare the differences among groups more than two (continuous variables). All the tests were two-sided, and *P* \< .05 was considered statistically significant.

3. Results {#s0065}
==========

3.1. The expression of SWELL1 is up-regulated in HCC {#s0070}
----------------------------------------------------

We analysed the IHC results and found that the expression of SWELL1 was significantly up-regulated in HCC samples (87/126, 69%; [Fig. 1](#fig0005){ref-type="fig"}a). We also randomly selected 34 pairs of samples and assessed SWELL1 expression with qRT-PCR. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and β-actin were both used as the housekeeping gene for the better confirmation. The results were in agreement with the IHC results ([Fig. 1](#fig0005){ref-type="fig"}b). The correlations between SWELL1 expression and the clinicopathological characteristics of the 126 patients with HCC are shown in Supplementary Table S1. The expression of SWELL1 showed a positive correlation with tumour size, metastasis, and HBsAg(+). No significant correlations were observed with respect to gender, age, tumour differentiation, and AFP. Moreover, according to the overall survival of our follow-up patients over three years, as evaluated in the Kaplan-Meier survival analysis, patients with high expression of SWELL1 had a significantly poorer prognosis than those with low expression of SWELL1 ([Fig. 1](#fig0005){ref-type="fig"}c). Taken together, SWELL1 expression was significantly up-regulated in HCC samples and related to a poor prognosis.Fig. 1The correlations between SWELL1 expression and HCC samples. (a) Representative images of IHC (*n* = 126) showing SWELL1 expression in the liver cancer sample and the adjacent nontumourous sample. (b) SWELL1 mRNA expression in 34 pairs of liver cancer samples and their adjacent nontumourous samples was measured by qRT-PCR. GAPDH (left) and β-actin (right) were used as the housekeeping gene. The results were calculated using the 2^−△△CT^ method and normalized to the nontumourous sample. The "fold change" value represents the ratio of the SWELL1 mRNA expression levels in the liver cancer sample and the adjacent nontumourous sample. \*\**P* \< .01. Data are represented as the mean ± SD of three independent experiments and compared using a Wilcoxon signed-rank test. (c) The Kaplan-Meier survival curves according to the expression of SWELL1 in the follow-up patients. The log-rank test was used to compare the differences between the curves.Fig. 1

3.2. SWELL1 promotes HCC cell proliferation in vitro {#s0075}
----------------------------------------------------

According to the results of the Cell Counting Kit-8 (CCK8) and colony-forming assay ([Fig. 2](#fig0010){ref-type="fig"}a--b), the over-expression of SWELL1 enhanced cell proliferation and colony-forming ability. Conversely, suppressing SWELL1 had the opposite effects. In addition, we performed the 5-ethynyl-2′-deoxyuridine (EdU) assay to further confirm these findings. Similarly, the results showed that there were more EdU-positive cells among those with high expression of SWELL1, and suppressing SWELL1 clearly reduced the number of cells positive for EdU ([Fig. 2](#fig0010){ref-type="fig"}c). Thus, these results indicate that SWELL1 promotes HCC cell proliferation in vitro.Fig. 2SWELL1 promotes HCC cell proliferation in vitro. (a) The CCK8 assay results performed in SMMC-7721, Huh7, Sk-hep-1, and HCCLM3 cells. (b) The colony-forming assay results for SMMC-7721, Huh7, Sk-hep-1, and HCCLM3 cells. (c) Representative images of the EdU assay in HCC cells. \*\**P* \< .01. Data are represented as the mean ± SD of three independent experiments and compared using Student\'s *t*-test (Sk-hep-1 and HCCLM3 cells), or one-way ANOVA followed by a Dunnett t-test (SMMC-7721 and Huh7 cells).Fig. 2

3.3. SWELL1 promotes G1/S transition in HCC cells {#s0080}
-------------------------------------------------

To analyse the effects of SWELL1 on cell cycle progression, we performed the cell cycle analysis. The results indicated that high expression of SWELL1 increased the number of cells in S peak and decreased number of cells in G1/G0 phase. In contrast, inhibition of SWELL1 expression had the opposite effects ([Fig. 3](#fig0015){ref-type="fig"}a). We also analysed the expression of the cell cycle-related proteins cyclinD1, cyclinE, CDK2, and CDK4 by qRT-PCR ([Fig. 3](#fig0015){ref-type="fig"}b) and western blotting ([Fig. 3](#fig0015){ref-type="fig"}c). The results indicated that the expression of the G1 phase regulatory proteins cyclinD1 and CDK2 at both the RNA and protein levels was significantly higher, after increasing SWELL1 expression. Decreasing SWELL1 expression had the opposite effects. By contrast, the expression of cyclinE and CDK4 did not change with SWELL1 expression. Therefore, these results indicate that SWELL1 promotes G1/S transition in HCC cells.Fig. 3SWELL1 promotes the G1/S transition of HCC cells. (a) The results of cell cycle analysis with flow cytometry. (b, c) The expression of the cell cycle-related proteins cyclinD1, cyclinE, CDK2, and CDK4 determined by qRT-PCR (b) and western blotting (c). GAPDH was used as the loading control. The blot density of the western blotting was quantified using the ImageJ software. \**P* \< .05, \*\**P* \< .01. Data are represented as the mean ± SD of three independent experiments and compared using Student\'s *t*-test (Sk-hep-1 and HCCLM3 cells), or one-way ANOVA followed by a Dunnett t-test (SMMC-7721 and Huh7 cells).Fig. 3

3.4. SWELL1 protects HCC cells from apoptosis {#s0085}
---------------------------------------------

The effects of SWELL1 on apoptosis in HCC cells were preliminary analysed using Hoechst 33258 staining. The results indicated that cells with high SWELL1 expression had much fewer apoptotic cells, while suppressing SWELL1 expression had the opposite effect ([Fig. 4](#fig0020){ref-type="fig"}a). In addition, the results of Annexin V and PI staining showed that cells with high SWELL1 expression had a clearly lower apoptotic rate, while suppressing SWELL1 expression led to more apoptotic cells ([Fig. 4](#fig0020){ref-type="fig"}b). The TUNEL assay was used to further confirm these results, revealing that cells with high SWELL1 expression had a lower level of red fluorescence and that decreasing SWELL1 expression clearly increased the red fluorescence ([Fig. 4](#fig0020){ref-type="fig"}c), indicating that SWELL1 suppressed apoptosis in HCC cells, which agreed with our previous assay results.Fig. 4SWELL1 protects HCC cells from apoptosis. (a) Representative images of Hoechst 33258 staining in SMMC-7721, Huh7, Sk-hep-1, and HCCLM3 cells. (b) Results of Annexin V and PI staining by flow cytometry. (c) Representative images of the TUNEL assay. \**P* \< .05, \*\**P* \< .01. Data are represented as the mean ± SD of three independent experiments and compared using Student\'s t-test (Sk-hep-1 and HCCLM3 cells), or one-way ANOVA followed by a Dunnett t-test (SMMC-7721 and Huh7 cells).Fig. 4

Next, cellular reactive oxygen species (ROS) measurements were performed using the fluorescence microscope and FACScan flow cytometer. The dichloro-dihydro-fluorescein diacetate (DCFH-DA) was used as the fluorescent probe. The results showed that cells with high SWELL1 expression had a significantly lower fluorescence intensity, indicating decreased ROS production. In contrast, suppressing SWELL1 increased ROS production ([Fig. 5](#fig0025){ref-type="fig"}a). ROS production correlates closely with mitochondrial dysfunction, and mitochondrial dysfunction can be indicated by changes in mitochondrial membrane potential (MMP) \[[@bb0055],[@bb0060]\]. As shown in [Fig. 5](#fig0025){ref-type="fig"}b, there was less MMP loss in cells overexpressing SWELL1 and clearly more MMP loss in cells with decreased SWELL1 expression. In addition, intracellular ATP was also measured. As shown in [Fig. 5](#fig0025){ref-type="fig"}c, cells overexpressing SWELL1 had elevated levels of ATP, while decreasing SWELL1 expression reduced the intracellular ATP content. These results also verified the stimulatory effect of SWELL1 on HCC cell proliferation. Together, these results indicate that SWELL1 protects HCC cells from apoptosis by preventing mitochondrial dysfunction.Fig. 5Effect of SWELL1 on the levels of ROS, MMP, and intracellular ATP. (a) Results of the measurement of ROS in SMMC-7721, Huh7, Sk-hep-1, and HCCLM3 cells by fluorescence microscope and flow cytometry. (b) Results of the MMP measurement by flow cytometry. The ratio of red/green fluorescence intensity was defined as the changes in MMP in HCC cells. (c) Results of intracellular ATP content. \**P* \< .05, \*\**P* \< .01. Data are represented as the mean ± SD of three independent experiments and compared using Student\'s *t*-test (Sk-hep-1 and HCCLM3 cells), or one-way ANOVA followed by a Dunnett t-test (SMMC-7721 and Huh7 cells). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 5

3.5. SWELL1 enhances the cell growth of HCC in vivo {#s0090}
---------------------------------------------------

To study the role of SWELL1 in HCC cell growth in vivo, we developed the nude mouse subcutaneous xenograft models. The experiment consisted of two groups of mice: one injected with SMMC-7721-shRNASWELL1 cells and the other with SMMC-7721-control cells. The effect on tumour growth was assessed by measuring the tumour size every three days from the sixth day after injection. Among the subcutaneously injected mice, those injected with SMMC-7721-shRNASWELL1 cells had obviously smaller tumours and lower tumour volume than those in the control group ([Fig. 6](#fig0030){ref-type="fig"}a--b). Moreover, we also analysed the expression of Ki67 and CD31 using IHC and found that the shRNASWELL1 group had clearly lower expression of Ki67 and CD31 ([Fig. 6](#fig0030){ref-type="fig"}c). In conclusion, these results confirmed that SWELL1 enhances the growth of HCC cells.Fig. 6SWELL1 promotes cell growth of HCC in vivo. (a) Representative image of the nude mice with tumours in each group (*n* = 8 per group). (b) The tumour growth curves and mean tumour size of the two groups of nude mice injected with SMMC-7721-shSWELL1 or SMMC-7721-control cells (n = 8 per group). We measured the tumour size for the first time on the 6th day and then measured it every 3 days. The mean tumour size of the two groups of mice was measured on day 21. \*\**P* \< .01. Data are represented as the mean ± SD and compared using Student\'s *t*-test. (c) Representative H&E staining and expression of Ki67 and CD31 determined by IHC in tumours in the two groups.Fig. 6

SWELL1 promotes HCC cell growth via connecting with protein kinase C alpha at the signalling level Protein kinase C alpha (PKCa) is involved in cell proliferation and has complex effects on the tumour growth \[[@bb0065],[@bb0070]\]. However, role that PKCa plays in the regulation of HCC cell proliferation is unclear. To investigate this role, we analysed the expression of PKCa by western blotting and found that upregulating SWELL1 expression increased PKCa expression, while decreasing SWELL1 expression suppressed PKCa expression ([Fig. 7](#fig0035){ref-type="fig"}a). To further clarify whether PKCa is involved in SWELL1-medicated HCC growth, we used TPA, an activator of PKCa. The results indicated that the inhibitory effect on the expression of PKCa, p-PKCa, cyclinD1, and CDK2 caused by suppressing SWELL1 was clearly abolished by TPA ([Fig. 7](#fig0035){ref-type="fig"}a). To further verify this finding, we performed a cell cycle analysis and found that TPA terminated the inhibitory effects caused by decreasing SWELL1 expression on G1/S transition in HCC ([Fig. 7](#fig0035){ref-type="fig"}b). Taken together, these results indicate that SWELL1 could promote HCC cell growth via the PKCa-cyclinD1/CDK2 pathway. However, PKCα is found to positively regulate the activity of VRAC in various studies \[[@bb0075], [@bb0080], [@bb0085]\], which indicating a upstream regulatory role of PKCα on SWELL1. Therefore, we also analysed the regulation of PKCα on SWELL1 in HCC for confirmation. The results suggested that decreasing PKCα expression obviously suppressed the expression of SWELL1, and the inhibitory effect on the expression of SWELL1, cyclinD1, CDK2, including PKCa and p-PKCa was terminated by SWELL1 over-expression ([Fig. 8](#fig0040){ref-type="fig"}a). The cell cycle analysis also agreed with this ([Fig. 8](#fig0040){ref-type="fig"}b). Therefore, in this part of study, the results indicate that the HCC cell growth can be regulated by the PKCα-SWELL1-cyclinD1/CDK2 pathway. Combining the above results, it seems that SWELL1 have a connection with PKCα at the signalling level which contributes to the HCC cell growth.Fig. 7SWELL1 promotes HCC cell growth via the PKCa-cyclinD1/CDK2 pathway. (a) The expression of PKCa, p-PKCa, cyclinD1, and CDK2 was assessed by western blotting with or without TPA (an activator of PKCa). GAPDH was used as the loading control. The blot density of the western blotting was quantified using the ImageJ software. (b) The results of cell cycle analysis with flow cytometry after cells were pre-treated with TPA. \**P* \< .05, \*\**P* \< .01. Data are represented as the mean ± SD of three independent experiments and compared using Student\'s *t*-test (Sk-hep-1 and HCCLM3 cells), or one-way ANOVA followed by a Tukey test (SMMC-7721 and Huh7 cells).Fig. 7Fig. 8The PKCα-SWELL1-cyclinD1/CDK2 pathway regulates HCC cell growth, and the upstream role of SPHK1 in the SWELL1-PKCa pathway. (a) The expression of SWELL1, PKCa, p-PKCa, cyclinD1, and CDK2 was analysed by western blotting after PKCa expression was suppressed with or without SWELL1 over-expression. (b) The results of cell cycle analysis with flow cytometry after suppressing PKCa with or without SWELL1 over-expression. (c) The expression of SWELL1, PKCa, and p-PKCa was analysed by western blotting after SPHK1 expression was suppressed with or without high SWELL1 expression in HCC cells. GAPDH was used as the loading control. The blot density of the western blotting in (a) and (c) was quantified using the ImageJ software. \**P* \< .05, \*\**P* \< .01. Data are represented as the mean ± SD of three independent experiments and compared using Student\'s *t*-test (when two groups are compared), or one-way ANOVA followed by a Tukey test (when three groups are compared).Fig. 8

3.6. Sphingosine kinase 1 promotes HCC cell proliferation via the SWELL1-PKCa pathway {#s0095}
-------------------------------------------------------------------------------------

Sphingosine kinase 1 (SPHK1), the most important synthetase for sphingosine-1-phosphate (S1P), is involved in tumour progression in various cancer cells \[[@bb0090], [@bb0095], [@bb0100], [@bb0105]\]. Studies have shown that VRAC can be activated by S1P and that high expression of SPHK1/S1P promotes the proliferation of HCC \[[@bb0105],[@bb0110]\]. Because SWELL1 is an essential component of VRAC, we speculated about the possible relationship between SPHK1 and SWELL1 in the proliferation of HCC. The results suggested that inhibiting SPHK1 expression with siRNA significantly suppressed SWELL1 expression, and this suppressive effect was terminated when combined with SWELL1 over-expression ([Fig. 8](#fig0040){ref-type="fig"}c). In addition, the changes in PKCa and p-PKCa were consistent with the changes in the expression of SPHK1 and SWELL1 ([Fig. 8](#fig0040){ref-type="fig"}c). Taken together, these findings indicate that SPHK1 may promote HCC cell proliferation via the SWELL1-PKCa pathway.

3.7. SWELL1 promotes HCC cell migration in vitro {#s0100}
------------------------------------------------

In the wound healing assay, up-regulation of SWELL1 dramatically enhanced the migration distance of cells, whereas the migration ability was reduced in cells suppressing SWELL1 ([Fig. 9](#fig0045){ref-type="fig"}a). In addition, we also used the transwell migration assay to evaluate this effect. In accord with the above results, the number of migratory cells was clearly higher with SWELL1 over-expression and decreased when SWELL1 expression was suppressed ([Fig. 9](#fig0045){ref-type="fig"}b). Cell adhesion is closely linked to tumour metastasis \[[@bb0115]\]. Thus, cell adhesion experiments using 4′, 6-diamidino-2-phenylindole (DAPI) staining and CCK8 assays were adopted. As shown in [Fig. 9](#fig0045){ref-type="fig"}c, the results from both indicated that the up-regulated expression of SWELL1 suppressed cell adhesion, whereas the down-regulated expression of SWELL1 enhanced the adhesion ability. Thus, these results indicate that SWELL1 suppresses cell adhesion in HCC, which agrees with its role in promoting cell migration.Fig. 9SWELL1 promotes HCC cell migration and EMT in vitro. (a) Representative images of the wound healing assay performed with SMMC-7721, Huh7, Sk-hep-1, and HCCLM3 cells. The migration of cells was quantified as the percentage of the wound-healed area. (b) Transwell migration assays for SMMC-7721, Huh7, Sk-hep-1, and HCCLM3 cells. The number of migratory cells was quantified. (c) Effects of SWELL1 on the adhesion ability of HCC cells. The cell adhesion ability was assessed using two methods: DAPI staining and the CCK8 method. (d) Morphological changes observed by optical microscopy and cellular F-actin staining observed by fluorescence microscopy. (e) The expression of the EMT markers E-cadherin, N-cadherin, and Vimentin examined by qRT-PCR. \**P* \< .05, \*\**P* \< .01. Data are represented as the mean ± SD of three independent experiments and compared using Student\'s t-test (Sk-hep-1 and HCCLM3 cells), or one-way ANOVA followed by a Dunnett t-test (SMMC-7721 and Huh7 cells).Fig. 9

3.8. SWELL1 promotes epithelial-mesenchymal transition in HCC cells {#s0105}
-------------------------------------------------------------------

Epithelial-mesenchymal transition (EMT) is closely related to tumour metastasis \[[@bb0120]\]. Our results presented above indicated that SWELL1 promoted HCC cell migration, so we wanted to determine the role of SWELL1 in EMT. Morphological changes were assessed using an optical microscope and cellular F-actin staining. Both results showed that increasing SWELL1 expression aided cells in obtaining the fibroblastic mesenchymal morphology, while decreasing SWELL1 expression enhanced the epithelial morphological characteristics of HCC cells ([Fig. 9](#fig0045){ref-type="fig"}d). The expression of the EMT markers E-cadherin, N-cadherin and Vimentin was examined by qRT-PCR ([Fig. 9](#fig0045){ref-type="fig"}e). In accordance with the morphological changes, the expression of E-cadherin (epithelial marker) was down-regulated and the expression of N-cadherin and Vimentin (mesenchymal markers) was up-regulated when SWELL1 expression was increased. Conversely, decreasing SWELL1 expression increased E-cadherin expression and decreased the expression of N-cadherin and Vimentin (except for the expression of N-cadherin in SMMC-7721 cells). Collectively, these results indicated that SWELL1 promotes EMT in HCC cells.

3.9. SWELL1 promotes the metastasis of HCC in vivo {#s0110}
--------------------------------------------------

To determine the role of SWELL1 in HCC metastasis in vivo, we developed the nude mouse models through tail vein injections. The two groups of this experiment were the same as the in vivo growth assay. The role of SWELL1 in tumour metastasis was evaluated using gross observations and pathological examinations of the livers and lungs collected from the mice. As shown in [Fig. 10](#fig0050){ref-type="fig"}a, mice injected with SMMC-7721-shRNASWELL1 cells had less metastasis in the livers and lungs, which was in accord with the lower CD31 expression. In conclusion, these results confirmed that SWELL1 promotes the metastasis of HCC.Fig. 10SWELL1 promotes metastasis of HCC in vivo and the study on molecular mechanism. (a) Images of the livers and lungs of nude mice showing the metastasis (*n* = 6 per group) and the representative H&E staining of liver and lung tissues. (b) Protein levels of SWELL1, ERK1/2, P38, AKT, and JNK were analysed by western blotting. GAPDH was used as the loading control. The blot density of the western blotting was quantified using the ImageJ software. \**P* \< .05, \*\**P* \< .01. Data are represented as the mean ± SD of three independent experiments and compared using Student\'s t-test (Sk-hep-1 and HCCLM3 cells), or one-way ANOVA followed by a Dunnett t-test (SMMC-7721 and Huh7 cells). (c) Wound healing and transwell migration assays were performed in Sk-hep-1 and HCCLM3 cells with or without SP600125. \**P* \< .05, \*\**P* \< .01. Data are represented as the mean ± SD of three independent experiments and compared using one-way ANOVA followed by a Tukey test.Fig. 10

3.10. SWELL1 regulates HCC cell migration through the JNK signalling pathway {#s0115}
----------------------------------------------------------------------------

To investigate the underlying molecular mechanism of SWELL1-mediated cell migration, we explored the MAPK signalling pathways, which has been reported to play an important role in the metastasis of HCC \[[@bb0125]\]. As shown in [Fig. 10](#fig0050){ref-type="fig"}b, the expression of p-JNK increased in the case of SWELL1 over-expression, whereas inhibiting SWELL1 significantly decreased the level of p-JNK. In addition, we used a JNK inhibitor (SP600125) to confirm this result. Based on the results of the wound healing and transwell assays, the stimulatory effect of SWELL1 on cell migration was significantly suppressed by SP600125 ([Fig. 10](#fig0050){ref-type="fig"}c). Taken together, these results indicate that SWELL1 promotes the migration of HCC cells via the JNK pathway.

3.11. SWELL1 is required for the function of VRAC in HCC cells {#s0120}
--------------------------------------------------------------

As an important swelling-activated Cl^−^ channel (I~Cl,swell~), the VRAC current is critical for regulatory volume decrease (RVD) \[[@bb0045],[@bb0130],[@bb0135]\]. Knockdown of SWELL1 will severely reduce VRAC currents and damage the function of RVD in various cell types \[[@bb0020],[@bb0025]\]. To evaluate whether SWELL1 was required for VRAC in HCC cells, the effect of SWELL1 knockdown on hypotonicity induced RVD was analysed. We preliminary performed the observation of morphological changes in HCC cells after exposure to the hypotonic solution. The results showed that the HCC cells began to swell in response to the hypotonic stress and cells with decreased SWELL1 expression swelled and ruptured faster ([Fig. 11](#fig0055){ref-type="fig"}a), revealing the worse tolerant ability to the hypotonic stress. Besides, re-incubation of HCC cells after exposure to hypotonic solutions was used to confirm the effect of SWELL1 on RVD. The results showed that decreasing SWELL1 expression obviously reduced the number of the surviving cells after the exposure to hypotonic solutions for 10 min ([Fig. 11](#fig0055){ref-type="fig"}b), which were consistent with the previous results. Together, suppressing SWELL1 expression could lead to the impaired function of RVD in HCC cells. Therefore, these results indicated that SWELL1 contributes to RVD and is required for the function of VRAC in HCC cells.Fig. 11SWELL1 is required for the function of VRAC in HCC cells. (a) Morphological changes observed in SMMC-7721 and Huh7 cells after exposure to the hypotonic solution. (b) Results of the re-incubation of HCC cells after exposure to hypotonic solutions for 0, 5, or 10 min. Results were assessed by two methods: the number of the surviving cells after the exposure was counted with trypan blue staining and the representative images captured under a microscope. \*\**P* \< .01. Data are represented as the mean ± SD of three independent experiments and compared using one-way ANOVA followed by a Dunnett t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 11

4. Discussion {#s0125}
=============

SWELL1 is a member of the LRRC8 family and contains 17 leucine-rich repeats and was previously known as LRRC8A \[[@bb0140]\]. Since SWELL1 was first reported, it has attracted an increasing amount of research attention. Recently, SWELL1 was found to be an indispensable component of VRAC \[[@bb0020],[@bb0030]\]. This marked a significant breakthrough, revealing more possibilities for SWELL1. Beyond its pivotal role in cell volume regulation, VRAC is also involved in cell proliferation, apoptosis, and migration \[[@bb0030],[@bb0040],[@bb0045]\]. However, currently, the role of SWELL1 itself in tumours is poorly understood. In fact, most reported studies on SWELL1 have focused on the VRAC. In only a few studies, SWELL1 was suggested to be related to the progression of colorectal cancer, alveolar epithelial carcinoma, and glioblastoma, although evidence for concrete molecular mechanisms was lacking \[[@bb0145], [@bb0150], [@bb0155]\].

HCC is a very common and severe malignancy \[[@bb0010]\]. Therefore, we hypothesised that SWELL1 might play a role in the development of HCC and represent a potential intervention target for HCC. To date, there has been no report on the relationship between SWELL1 and HCC. In this study, the results showed that SWELL1 expression was significantly up-regulated in HCC samples and positively associated with metastasis status. Moreover, high expression of SWELL1 was related to a poor prognosis for patients with HCC.

Next, we analysed the effect of SWELL1 on HCC cell growth in vitro and in vivo. For the in vitro analyses, all of the results indicated that SWELL1 promoted cell proliferation by inducting G1/S transition in HCC. The results of the in vivo study also verified this finding. PKCα is closely related to cell proliferation, including cell cycle progression \[[@bb0065]\]. Additionally, PKCα has also been found to be involved in VRAC regulation \[[@bb0075], [@bb0080], [@bb0085]\]. Thus, we determined whether PKCα was involved in SWELL1-mediated cell proliferation in HCC. In fact, in terms of proliferation, the effect of PKCα is contradictory \[[@bb0070]\]. It can act completely different in different cell types \[[@bb0070]\]. The results in the present study clearly showed that PKCα played a promoting role in the proliferation of HCC. Especially, it is worth noting that the results in this study indicated a connection between SWELL1 and PKCα at the signalling level in HCC cell growth. In the present study, PKCα could regulate the expression of SWELL1, which also had the regulating effects on PKCα expression in turn. Nevertheless, various of the previous studies only indicate the upstream role of PKCα in VRAC regulation, and our results in this study are somewhat inconsistent with them. Currently, the explicit explanation about the upstream regulatory role of SWELL1 on PKCα is lacking. We suspect that other factors or signalling pathways might exist in the regulation of SWELL1 on PKCα, which finally contribute to the current results. Besides, whether the two kinds of regulatory relationships between SWELL1 and PKCα have the same effect on HCC cell growth, or which one is dominant, has not been explored. So, obviously, more specific studies are needed to fully comprehend this issue.

As mentioned above, SPHK1 can enhance HCC cell proliferation \[[@bb0105]\]. Moreover, S1P has been shown to affect the activity of VRAC \[[@bb0110]\]. As the most important synthetase of S1P, SPHK1 might be relevant to SWELL1-mediated proliferation in HCC. The results showed that the expression of SWELL1 was decreased by the SPHK1 knockdown, indicating that SPHK1 regulates the SWELL1 expression in HCC. However, it is necessary to mention that the SWELL1 expression is not keeping consistent with the VRAC activity. Besides S1P, VRAC can also be activated by cell swelling, intracellular ionic strength, GTP-γ-S, ATP, phospholipase (PL)A2, intracellular Ca^2+^, and so on \[[@bb0160], [@bb0165], [@bb0170]\]. In fact, the activity of VRAC could be reduced when increasing SWELL1 expression \[[@bb0020],[@bb0025],[@bb0150]\]. As reported, although the over-expression of SWELL1 can be detected on the plasma membrane, it will resulted in decreased VRAC current instead of the enhancement \[[@bb0020],[@bb0025]\]. The precise mechanism about this remains unclear, and it may be explained as follows. Firstly, as a subunit of VRAC, increasing SWELL1 itself may be not enough for the enhancement of VRAC activity, and other members of the LRRC8 family may be involved \[[@bb0020]\]. Second, upregulating SWELL1 expression might cause an inappropriate shift in the stoichiometry among SWELL1 with other compositions of VRAC, which is adverse to the VRAC current \[[@bb0025]\]. Third, the various factors and signalling pathways related to the modulation of VRAC activity may be the limiting factors \[[@bb0020],[@bb0150]\]. Besides, the posttranslational modulation of SWELL1 could also be involved \[[@bb0150]\]. In conclusion, the VRAC activity is affected by various factors, not only depends on the expression of SWELL1. Therefore, although SPHK1 do regulate the SWELL1 expression in the present study, we should not take it for granted. The activation of S1P on VRAC is not a guarantee for the regulation of SPHK1 on SWELL1 expression, which should not be confused. Next, to confirm the effect of SPHK1 on cell proliferation, we also analysed the expression of PKCα. The results indicated that SPHK1 was an upstream factor of SWELL1 and that SPHK1 promoted cell proliferation via the SWELL1-PKCa pathway in HCC. Moreover, given the connection between SWELL1 and PKCα at the signalling level in the above results, the possibly direct regulating effect of SPHK1 on PKCa might exist. Additional work is required for the definitive relationship among SPHK1, SWELL1, and PKCa.

Apoptosis is programmed cell death which is essential for regulating the survival of tumour cells \[[@bb0175]\]. After demonstrating the proliferating effects of SWELL1, we aimed to determine the role of SWELL1 in apoptosis in HCC cells. The results showed that SWELL1 protected HCC cells from apoptosis. Apoptotic cells generate excess ROS and lose MMP, which in turn reduce the production of ATP \[[@bb0060],[@bb0180]\]. In this study, the results of the ROS measurements also indicated the anti-apoptotic role of SWELL1 in HCC. However, it should be noted that DCFH-DA was used as the fluorescent probe for the measurement of cellular ROS in this study. To be precise, this method is an indication of general oxidative stress rather than a very specific proof of cellular ROS \[[@bb0185]\]. DCFH-DA may be influenced by other reactive intermediates, such as intracellular oxidants, reactive nitrogen species \[[@bb0185],[@bb0190]\]. Although it is sensitive and widely used, the limitation should be noted. For further confirmation, MMP and intracellular ATP measurements were analysed, and the results were in agreement with ROS measurements. Moreover, S1P has been found to induce ATP secretion by activating the VRAC \[[@bb0110]\], and ATP is a known growth factor for tumour cells \[[@bb0195],[@bb0200]\]. Thus, to some degree, the enhancement effect of SWELL1 on ATP content also verified the proliferative effect of the SPHK1-SWELL1-PKCa pathway on HCC.

Regarding apoptosis, SWELL1 has been reported in some previous studies to be associated with the regulation of chemotherapy resistance by permitting cisplatin-induced apoptosis \[[@bb0205],[@bb0210]\], which seems to be incompatible with its proliferating effects. Conversely, SWELL1 was also found to be an anti-apoptotic factor in a recent study on glioblastoma \[[@bb0155]\]. Similarly, according to the results of our study, SWELL1 plays an anti-apoptotic role in HCC. The reason why SWELL1 can play completely opposite roles in different tumours is not fully understood. It is possible that the effect of SWELL1 on apoptosis depends on the specific cell type or complex factors in the cellular environment. It has been reported that SPHK1/S1P also protects cells from apoptosis, although it does have a proliferative effect \[[@bb0105],[@bb0215]\]. Because SWELL1 expression can be regulated by SPHK1 in HCC, we suspect that the anti-apoptotic effect of SWELL1 may be associated with SPHK1. Further studies are required to completely understand this relationship.

Regarding cell migration, our results indicated that SWELL1 promotes the migration of HCC cells. EMT is a crucial step in tumour metastasis \[[@bb0120]\]. Based on the results in this study, we concluded that SWELL1 induced EMT in HCC cells, which contributed to cell migration. The in vivo metastasis assay further confirmed these results. MAPKs are Ser/Thr protein kinases, which include ERK1/2, JNK, P38, and AKT \[[@bb0220]\]. The de-regulation of MAPKs has been demonstrated to be associated with various tumour metastasis factors, including in HCC \[[@bb0125],[@bb0225]\]. Besides, SWELL1 is reported to have an essential role in the development and function of T lymphocyte by activating AKT via the lymphocyte-specific protein tyrosine kinase (LCK)--ZAP-70--GAB2--phosphoinositide 3-kinase (PI3K) pathway \[[@bb0230]\]. Furthermore, PI3K/AKT is known as an important pathway for glucose uptake and lipogenesis in adipocytes \[[@bb0235],[@bb0240]\]. In the case of adipocyte hypertrophy, SWELL1 can be activated and positively regulate lipogenesis, insulin sensitivity, and glucose import by the SWELL1/LRRD-GRB2-Cav1-IRS1-PI3K-AKT2 signalling pathway including its downstreams AS160, GLUT4, and GSK3β \[[@bb0245]\]. In the present study, we tried to determine whether MAPKs were related to SWELL1-mediated HCC metastasis. Our results indicated that SWELL1 could regulate HCC cell migration through the JNK pathway. Because of the universality of SWELL1 expression and JNK pathway, the SWELL1-JNK pathway might be also involved in many other cell types and cytological functions. Besides, accelerated glucose metabolism is closely related to various malignant tumours including oral squamous cell carcinoma, nasopharyngeal carcinoma, colon cancer, breast cancer, HCC, and so on \[[@bb0250], [@bb0255], [@bb0260], [@bb0265], [@bb0270]\]. Although the PI3K/AKT pathway seems show no effect on SWELL1-mediated HCC metastasis in this study, whether the effect of SWELL1 on glucose import plays a role in HCC may be still worth exploring in the future.

As mentioned before, VRAC is a pivotal I~Cl,swell~ for the cell volume homeostasis \[[@bb0045],[@bb0130],[@bb0135]\]. When the hypotonic stress triggers cell swelling, ion channels and transporters are activated for the effluxes of K^+^, Cl^−^, and H~2~O, which in turn contributes to the shrinkage of the cell volume \[[@bb0275],[@bb0280]\]. VRAC is reported to have a critical role in this process named RVD \[[@bb0130],[@bb0135]\]. Moreover, as an essential component of VRAC, knockdown of SWELL1 will badly damage the function of RVD in various cell types \[[@bb0020],[@bb0025]\]. To investigate the role of SWELL1 in VRAC in HCC cells, we analysed the effect of SWELL1 on VRAC-mediated RVD. The results suggested that suppressing SWELL1 expression caused the impaired function of RVD, indicating that SWELL1 is required for the function of VRAC in HCC cells. The results in this present study might help to reveal more possibilities for VRAC in HCC. However, our study about this aspect is very basic and a in-depth and comprehensive understanding needs further experimental research.

Nevertheless, there are still some limitations of this study which necessitate deeper investigations. Firstly, the mechanism of the connection between SWELL1 and PKCα at the signalling level is unclear. Second, inhibiting the VRAC currents by inhibitors will suppress cell proliferation and migration in kinds of cell types \[[@bb0030], [@bb0035], [@bb0040]\], indicating a potential role of VRAC in tumour intervention. In the present study, although we discussed the effects of SWELL1 in HCC and discovered that SWELL1 is required for VRAC in HCC cells, the direct role of VRAC remains unexplored. Besides, decreasing SWELL1 expression by siRNA will dramatically reduces the VRAC currents, which is reported to be as effective as the VRAC inhibitor \[[@bb0020],[@bb0025]\]. So, it is fair to ask whether the VRAC inhibitor has the similar or even more important effects on the cytological function and corresponding mechanism in HCC. Third, whether it exists a interaction between SWELL1 and VRAC in the tumour biology of HCC deserves further consideration.

In conclusion, our results in this study suggested that SWELL1 is up-regulated in HCC tissues and unfavourable for the prognosis of patients with HCC. SWELL1 promotes the growth and metastasis of HCC cells. Thus, SWELL1 may be a potential intervention target for HCC. The results of our study might aid in better understanding the functional capacity of SWELL1. However, further work is needed to fully comprehend the underlying mechanisms regarding the role of SWELL1.
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